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Executive Summary
Galvanic corrosion has become significantly more of a problem in society as goals of
creating more lightweight, efficient, and emissions-friendly vehicles leads to the pairing of
lightweight aluminum alloys with structural carbon steel frames. There is a need for better
understanding the corrosion behavior of this metallic coupling in various environments so that
safer structures can be made. In this study, Carbon Steel (CS) and two Aluminum Alloys (AA1
and AA2) were first characterized for their individual corrosion behavior. Potendiodynamic
polarization curves were obtained for each metal, and electrochemical impedance spectroscopy
(EIS) was also performed. These tests were all run using a rotating disk electrode (RDE) at various
speeds (0, 100, 500, 1000, and 2000 rpm) immersed in both 0.06M NaCl solution and 0.6M NaCl
solution. The Nyqiust plots generated from the EIS data formed no clear trends. Results from the
polarization tests suggest that, to varying degrees for each metal, corrosion is more aggressive as
the electrolyte layer becomes thinner (as the RDE speed increases). To characterize the galvanic
corrosion behavior of the metal couples, zero resistance ammeter (ZRA) tests were then run on
joints of CS + AA1 and CS + AA2 in 0.6M NaCl solution. Besides the first test run of CS + AA1,
the galvanic coupling current of all of the other tests was nearly the same at approximately -1×1011

A/cm2. Due to the COVID-19 situation, no further testing was completed. Additional parameters

are needed before a comprehensive mathematical model/simulation can be produced, which leads
to many ideas as to which direction to go for potential future work on the project.

5

Introduction
As automotive manufacturers push towards new and more efficient technology utilizing
the power of electric motors and batteries, they are faced with a challenge of using lighter weight
structural materials to offset the heavier weight of the batteries or reduce the greenhouse emissions.
One promising metal to use is aluminum, which exhibits the necessary light weight properties and
is available in many different alloy compositions for specific service requirements. A problem
arises when two dissimilar metals, such as aluminum and carbon steel, are connected together in a
structure. The difference in the potentials of the two metals creates a galvanic couple between
them, leading to the anodic dissolution of the metal with lesser nobility. Eventually the part is
subject to fail as its structural integrity will be negatively affected over time, the rate by which is
controlled by how aggressive the environment is. Experimental testing can be used to model and
predict the corrosion process of a galvanic couple in dissimilar metal joints under atmospheric
corrosion conditions, lending to a better understanding of the electrochemical behavior of galvanic
couples. Using this knowledge, better informed decisions can be made regarding mitigation
strategies to decrease the destructive influence of galvanic coupling in dissimilar metal joints,
leading to safer and improved structures being developed in society. Better industry understanding
of the issues at hand can also result in more effective programs for corrosion management and
mitigation.

Background
When two dissimilar metals with different potentials are coupled together in an
environment that allows for the flow of ions and electrons, a galvanic cell has been created.
Oxidation reactions happen at the less noble metal, or the anode. Reduction reactions happen at
the more noble metal, or the cathode. An example of a galvanic cell can be seen below in Figure
1.
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Figure 1. Example of a galvanic cell between Cu and Zn [1].

As pictured above in Figure 1, Zn metal oxidizes to Zn2+ ions (anode) and Cu2+ ions reduce
to Cu metal (cathode) when coupled together in a solution with an electron path. In this cell, Zn is
actively corroding since it is less noble than Cu (which is based-off of the standard reduction
potential of each metal).
One way to characterize the corrosion behavior of metals is through electrochemical
testing. A potentiodynamic polarization curve (PPC) is obtained by constructing a cell that
includes a working electrode (the metal to be observed), a reference electrode, and a counter
electrode in a particular solution (often, some concentration of NaCl in DI water) hooked up to a
potentiostat. The sample is then polarized above and below its open circuit potential over a
specified potential range (i.e., +/- 800 mV). As this change in voltage occurs, the response in
current is measured which results in a graph of E (potential) vs. i (current density) [2]. An example
of a PPC can be seen below in Figure 2.
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Figure 2. Polarization curve of a cast aluminum alloy subjected to various stress in a sodium
chloride solution [2].

The top half of the curve is the anodic portion and the bottom half is the cathodic portion.
Tangential lines can be drawn along both the anodic and cathodic branches of the curve. At the
point where the lines intersect, the potential read to the left is the corrosion potential (Ecorr) and the
current density read to the bottom is the corrosion current density (icorr). The icorr value is directly
proportional to the corrosion rate, which can be calculated using the following equation, (Eq. 1):
𝐶𝑅 (𝑚𝑝𝑦) =

0.129 × 𝑖𝑐𝑜𝑟𝑟 × 𝐸𝑊
𝜌

(1)

where icorr is the corrosion current density (µA/cm2), EW is the equivalent weight of the material
(g/equiv), and ρ is the density of the material (g/cm3).
Electrochemical impedance spectroscopy (EIS) is another method of electrochemical
testing. A small AC potential is applied to the cell and the response in current is recorded. This
method can be used to analyze metals, oxide films, and even coatings. EIS provides a way to
characterize the cell by determining its equivalent electrical circuit, therefore better describing the
8

mechanism of what is occurring. Furthermore, it is a nondestructive technique which increases its
utility.
As the name suggests, EIS uses impedance as a function of the potential and current. When
a sinusoidal potential is applied, the current will respond with sinusoidal behavior of the same
frequency but with a shift in phase. The radial frequency is characterized by the equation, (Eq. 2):
𝜔 =2× 𝜋×𝑓

(2)

where f is the frequency in Hz. The potential and current behaviors are characterized by the
equations (Eqs. 3,4):
𝐸𝑡 = 𝐸0 × sin (𝜔𝑡)

(3)

𝐼𝑡 = 𝐼0 × sin (𝜔𝑡 + 𝜃)

(4)

where Et is the potential at time t, E0 is the signal amplitude, ω is the radial frequency, It is the
response signal shifted in phase θ, and I0 is the amplitude. Based on this, the relationship to
impedance can be calculated, (see Eq. 5):
𝑍=

𝐸𝑡
𝐼𝑡

=

𝐸0 ×sin (𝜔𝑡)
𝐼0 ×sin (𝜔𝑡+ 𝜃)

= 𝑍0

sin (𝜔𝑡)
sin (𝜔𝑡+ 𝜃)

(5)

and following Euler’s relationship (see Eq. 6):
exp(𝑗𝜃) = cos(𝜃) + 𝑗𝑠𝑖𝑛(𝜃)

(6)

gives the following for impedance expressed as a complex number (see Eq. 7):
𝑍(𝜔) =

𝐸
𝐼

= 𝑍0 exp(𝑗𝜃) = 𝑍0 (𝑐𝑜𝑠𝜃 + 𝑗𝑠𝑖𝑛𝜃)

(7)

which is useful for interpretation of the involved mechanism [3].

The resulting data can be plotted on a Nyquist (–Z’’ [imaginary] vs Z’ [real]) plot and a
Bode plot (|Z| and phase angle vs frequency). Examples of these two plots can be seen below in
Figure 3.
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Figure 3. Example Nyquist and Bode plots of EIS data collected on steel in seawater [4].

This data can be used to approximate an equivalent electrical circuit which explains the
electrochemical behaviors of the created cell. Both resistance and capacitance can be taken into
account, generating a comprehensive picture of the corrosion mechanism, coating effectiveness,
etc. Examples of equivalent circuits can be seen below in Figure 4.

Figure 4. Examples of possible equivalent circuits described by EIS results [5].
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Both PPC and EIS techniques can be run using a rotating disk electrode (RDE) which adds
an element to the cell by allowing the working electrode to rotate at a specified rate. This allows
for an alternation of the boundary layer thickness of the electrolyte on the electrode and can be
used to simulate different environments. Low speeds are more similar to immersion while fast
speeds simulate less moisture on the surface of the material (humid environment, condensation)
[6]

.
In order to model the flow and diffusion parameters when using a rotating disk electrode,

a new equation is needed. Thus, comes the Levich equation (see Eq. 8):
2

1

−1

𝐼𝐿 = (0.201) × 𝑛 × 𝐹 × 𝐴 × 𝐷3 × 𝜔 2 × 𝜗 6 × 𝐶

(8)

where IL is the Levich, or limiting, current (A), n is the number of moles of electrons transferred,
F is the Faraday constant (C/mol), A is the area of the electrode (cm2), D is the diffusion coefficient
(cm2/s), ω is the angular rotation (rpm), ν is the kinematic viscosity (cm2/s), and C is the
concentration of the analyte (mol/cm3).
Plugging in the values of the experimental setup allows for a diffusion coefficient to be
calculated for the material in its particular environment. This allows for further insight into the
behavior by which it is corroding in solution.
While those two methods are vital for characterizing the detailed behavior of a single
material in a particular environment, another method is needed to characterize the behavior of a
galvanic coupling of metals. One such way to accomplish this is to use a zero-resistance ammeter
(ZRA).
ZRA allows for two dissimilar metals to be placed in the same electrolyte and the resulting
galvanic potential and current flowing between the materials to be monitored. For this setup, two
working electrodes are needed to create the galvanic coupling necessary to produce the required
results. Once all of the data is compiled, comparisons can be made with the galvanic potentials
and currents of different pairings of metals in different environments [7].
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Experimental Methods
Samples of carbon steel (CS) and two aluminum alloys (referred to as AA1 and AA2) were
cut to shape for use as rotating disk electrodes with areas of 2.88 cm2. Solutions of 0.06M and
0.6M NaCl were prepared.
Before each electrochemical test, the samples were successively polished with 240, 600,
and 1200 grit SiC polishing paper. This was followed by an ethanol rinse to clean the pieces.
For each test, the samples were mounted onto the RDE apparatus and lowered into the
appropriate NaCl solution with a three-electrode cell configuration. A silver-silver chloride
electrode (SSC) was used as the reference electrode and a graphite rod as a counter electrode (CE).
The material being studied was the working electrode (WE). EC-lab software was used to input,
run, and monitor each electrochemical test.
Potentiodynamic polarization tests were run on the CS, AA1, and AA2 samples at 0, 100,
500, 1000, and 2000 rpm in both the 0.06M and 0.6M NaCl solutions. Before the start of each test,
the open circuit potential was allowed to stabilize for a duration of one hour, followed by the
polarization test and the EIS. Settings for the polarization test included a scan range of ±800 mV,
scan rate of 2 mV/s, and sample period of 2 s. These settings are summarized below in Table 1.

Table 1. Summary of potentiodynamic polarization test parameters.
POTENTIODYNAMIC POLARIZATION TESTS
METALS

CS, AA1, and AA2

RDE SPEED

0, 100, 500, 100, and 2000 rpm

NACL SOLUTION CONCENTRATION

0.06M and 0.6M

OCP STABILIZATION DURATION

1 hr

SCAN RANGE

±800 mV

SCAN RATE

2 mV/s

SAMPLE PERIOD

2s
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Electrochemical impedance spectroscopy (EIS) tests were also run on the CS, AA1, and
AA2 samples at 0, 100, 500, 1000, and 2000 rpm in both the 0.06M and 0.6M NaCl solutions.
Settings for the test included a frequency of 1-10 MHz, potential of 10 mV (rms), and 10
steps/decade. These settings are summarized below in Table 2.

Table 2. Summary of EIS test parameters.
EIS TESTS
METALS

CS, AA1, and AA2

RDE SPEED

0, 100, 500, 1000, and 2000

NACL SOLUTION CONCENTRATION

0.06M and 0.6M

FREQUENCY

1-10 MHz

POTENTIAL

10 mV

STEPS/DECADE
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To characterize the galvanic corrosion behavior of the coupled metals, zero resistance
ammeter (ZRA) tests were also completed. The setup in this case changed; the WE and the CE
were both materials being studied and the RE remained the same. The areas for each metal sample
were approximated to be 1 cm2. These settings are summarized below in Table 3.

Table 3. Summary of ZRA test parameters.
ZRA TESTS
METALS

CS + AA1 and CS + AA2

NACL SOLUTION CONCENTRATION

0.6M

RUN TIME

10800 s

LIMIT I

100 mA/cm2
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Upon 3 hours of exposure in the 0.6M NaCl solution, an optical microscope was used to
obtain images of the test specimen surfaces from the ZRA tests. Magnification ranged from ×1 to
×3.

Results and Discussion
To study the general corrosion behavior of each metal, individual potentiodynamic
polarization and EIS tests were first run with varying electrode speeds in different NaCl solution
concentrations.

(a)

(b)

Figure 5. PCCs of Carbon Steel in (a) 0.06M NaCl and (b) 0.6M NaCl at 0, 100, 500, 1000, and
2000 rpm.
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(b)

(a)

Figure 6. EIS graphs (Nyquist plots) of Carbon Steel in (a) 0.06M NaCl and (b) 0.6M NaCl at 0,
100, 500, 1000, and 2000 rpm.

The polarization and EIS graphs for Carbon Steel can be seen above in Figures 5-6. For
Figure 5, in both 0.06M and 0.6M NaCl solutions, the corrosion potential (Ecorr) increases along
with an increase in rotation speed of the rotating disk electrode. This is more pronounced in the
0.06M NaCl solution. A similar trend is also seen with the corrosion current density (icorr)
increasing along with rotation speed as well, except in both solutions the curves for 500, 1000, and
2000 rpm are very similar in shape and icorr. This is directly proportional to the corrosion rate of
the metal in solution. Figure 6 displays Nyquist plots for the two NaCl solutions at varying
rotational speeds. No clear trends can be seen among the charts, but the shapes of the curves for
100 rpm in 0.06M NaCl and 0 rpm in 0.6M NaCl seem to be vastly different.
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(a)

(b)

Figure 7. PCCs of AA1 in (a) 0.06M NaCl and (b) 0.6M NaCl at 0, 100, 500, 1000, and 2000 rpm.

(a)

(b)

Figure 8. EIS graphs (Nyquist plots) of AA1 in (a) 0.06M NaCl and (b) 0.6M NaCl at 0, 100, 500,
1000, and 2000 rpm.

The polarization and EIS graphs for Aluminum Alloy 1 can be seen above in Figures 7-8.
Unlike with the Carbon Steel, for AA1 in both NaCl solution concentrations there is not much
16

change in the Ecorr values. In 0.06M NaCl, an increase in icorr (and therefore, corrosion rate) can
be seen with increasing rotational speed of the electrode. In 0.6M NaCl, the graphs are nearly
identical with the exception of 0 rpm. The Nyquist plots in Figure 8 show little differentiation
between speeds. No clear trends can be seen, but the shapes of the curves for 0 rpm in 0.06M NaCl
and 2000 rpm in 0.6M seem to be different from the cluster of the rest.

(a)

(b)

Figure 9. PCCs of AA2 in (a) 0.06M NaCl and (b) 0.6M NaCl at 0, 100, 500, 1000, and 2000 rpm.
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(a)

(b)

Figure 10. EIS graphs (Nyquist plots) of AA2 in (a) 0.06M NaCl and (b) 0.6M NaCl at 0, 100,
500, 1000, and 2000 rpm.

The polarization and EIS graphs for Aluminum Alloy 2 can be seen above in Figures 910. As seen in Figure 9, for AA2 in 0.06M NaCl, there does not seem to be a trend for changes in
rotational speed clearly affecting Ecorr and icorr; the curves are fairly clustered together. There is
significant noise seen in the 500 rpm and 1000 rpm curves in 0.6M NaCl. This makes it difficult
to distinguish any clear trends. These tests should be repeated but due to the current COVID-19
situation, it was not possible to complete this. As for the Nyquist plots in Figure 10, the curves
look very similar in 0.06M NaCl. In 0.6M NaCl, the 0 rpm curve is the first to display the semicircle that is indicative of corrosion occurring.
In order to exhibit the galvanic corrosion behavior of the coupled metals, ZRA tests were
run on a pairing of carbon steel with each of the aluminum alloys in 0.6M NaCl solution.
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(b)

(a)

Figure 11. Graphs from ZRA test of Carbon Steel and AA1 (a) run 1 and (b) run 2 as shown by
plotting potential and current density over time.

The change in potential and current density over time for two ZRA test runs of Carbon
Steel paired with Aluminum Alloy 1 can be seen above in Figure 11. In the first test run, the
galvanic coupling current density is slightly less than 0 A/cm2 while in the second run it is
approximately -1×10-11 A/cm2. This low current indicates that the galvanic couple is not apparent.
However, literature shows that galvanic corrosion should be expected. For this reason, these
experiments should be revisited and redesigned.
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(a)

(b)

Figure 12. Graphs from ZRA test of Carbon Steel and AA2 (a) run 1 and (b) run 2 as shown by
plotting potential and current density over time.

The two ZRA tests of Carbon Steel paired with Aluminum Alloy 2 can be seen above in
Figure 12. Both test runs consistently show a galvanic coupling current density of approximately
-1×10-11 A/cm2. This is nearly identical to that of the second test run of Carbon Steel with AA1.
After 3 hours of 0.6M NaCl solution exposure, the ZRA test specimens were placed under
an optical microscope for analysis.
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(a)

(b)

(c)

Figure 13. Optical microscope images of AA1 (left) and Carbon Steel (right) from ZRA tests
pictured at (a) ×0.67, (b) ×2.5, and (c) ×3 magnification.

As seen above in Figure 13, there is corrosion seen on both the aluminum and carbon steel
samples from the ZRA test. This is due to the coupling of the dissimilar metals for a prolonged
period of time in a NaCl solution which allowed galvanic corrosion to occur. This corrosion was
monitored using the ZRA, though the results were not as expected. Since the optical microscope
images show the effects of galvanic corrosion, the electrochemical test should be revisited in order
to clarify this behavior.
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Figure 14. Optical microscope images of AA2 (left) and Carbon Steel (right) from ZRA tests
pictured at (a) ×1, (b) ×2.5, and (c) ×2.5 magnification.

Similar to Figure 13, the images in Figure 14 also depict up close the corrosion that has
occurred on the surface of the carbon steel and aluminum coupons due to immersion together in
salt solution for a prolonged period of time.
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Conclusion
Based on the results from the study, Carbon Steel showed the most variance in Ecorr and
icorr when the rotational speed of the rotating disk electrode was changed for both 0.06M and 0.6M
NaCl solutions. Both Aluminum Alloy 1 and Aluminum Alloy 2, however, showed only mild
changes in icorr and almost no discernable changes in Ecorr as rotational speed increased. In varying
degrees of severity, though, it appears that icorr (and therefore, corrosion) increases as the
electrolyte layer becomes thinner with increasing rotational speeds. This also promotes the oxygen
diffusion and increasing the available oxygen in turn increases the corrosion rate.
Most of the trends in the Nyquist plots did not seem to indicate corrosion occurring except
for Aluminum Alloy 2 at 0 rpm in 0.6M NaCl, which did display the characteristic semi-circle
indicative of the corrosion process. Disregarding the first ZRA test of Carbon Steel and Aluminum
Alloy 1, the other tests all yielded the same galvanic coupling current density of approximately 1×10-11 A/cm2.
In order to more comprehensively characterize the galvanic corrosion behavior of the
coupled metals, additional tests should be run. Due to the COVID-19 situation, however,
additional data was not able to be collected because of campus closure. Because of this, the project
remains ongoing. There are a plethora of options for potential future work based on other studies
seeking to model galvanic coupling behavior. One method involves using Scanning Vibrating
Electrode Technique (SVET) to measure the distribution of current density over the coupled
surface, providing more detailed information on the flow of ions over the sample [8-13]. SVET can
also be used in conjunction with fibre optics micro-optode, which monitors dissolved oxygen
levels; this is important because monitoring the oxygen reduction reaction in situations (neutral
and alkaline solutions) where it is the cathodic process helps to further provide more detailed
information for a reaction that governs the corrosion process [8, 10, 14-17]. Another important aspect
to consider when generating comprehensive data for a mathematical galvanic corrosion model is
to monitor local changes in pH, which can be done with a pH sensitive glass capillary microelectrode

[8, 18-21]

. The combination of all of these three techniques plus the data that has already

been acquired would hopefully provide adequate information for producing a model simulation of
the galvanic corrosion process.
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With additional, comprehensive data collected surrounding multiple aspects of the galvanic
corrosion coupling, a mathematical model/simulation could then be prepared. A typical way of
producing these models and simulations for galvanic corrosion is to use finite element methods
(FEM) [8, 22-26]. The resulting model could then be used to predict the galvanic corrosion behavior
in varied environments, providing a useful tool to industries where these metal couplings have
become more common.
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